In the Universal Extra Dimensions model of Appelquist, Cheng and Dobrescu, all of the Standard Model fields are placed in the bulk and thus have Kaluza-Klein(KK) excitations. These KK states can only be pair produced at colliders due to the tree-level conservation of KK number, with the lightest of them being stable and possibly having a mass as low as ≃ 350 − 400 GeV. After calculating the contribution to g − 2 in this model we investigate the production cross sections and signatures for these particles at both hadron and lepton colliders. We demonstrate that these signatures critically depend upon whether the lightest KK states remain stable or are allowed to decay by any of a number of new physics mechanisms. These mechanisms which induce KK decays are studied in detail.
Introduction
The possibility that the gauge bosons of the Standard Model(SM) may be sensitive to the existence of extra dimensions near the TeV scale has been known for some time [1] . However, one finds that the phenomenology of these models is particularly sensitive to the manner in which the SM fermions (and Higgs bosons) are treated.
In the simplest scenario, the fermions remain on the wall located at the fixed point y i = 0 and are not free to experience the extra dimensions. (Here, lower-case Roman indices label the co-ordinates of the additional dimensions while Greek indices label our usual 4-d space-time.) However, since 5-d translational invariance is broken by the wall, the SM fermions interact with the Kaluza-Klein(KK) tower excitations of the SM gauge fields in the usual trilinear manner, i.e., ∼ gC nf γ µ f G µ (n) , with the C n being some geometric factor and n labelling the KK tower state with which the fermion is interacting. Current low-energy constraints arising from, e.g., Z-pole data, the W boson mass and µ-decay generally require the mass of the lightest KK gauge boson to be rather heavy, > ∼ 4 TeV in the case of the 5-d SM [2] independent of whether or not the Higgs fields are on the wall under the assumption that the C n are n-independent for n ≥ 1.
A second possibility occurs when the SM fermions experience extra dimensions by being 'stuck', i.e., localized or trapped at different specific points in a thick brane [3] away from the conventional fixed points. It has been shown that such a scenario can explain the absence of a number of rare processes, such as proton decay, by geometrically suppressing the size of the Yukawa couplings associated with the relevant higher dimensional operators without resorting to the existence of additional symmetries of any kind. In addition such a scenario may be able to explain the fermion mass hierarchy and the observed CKM mixing structure thus addressing important issues in flavor physics [4] . The couplings of the SM 1 fermions to the gauge KK towers are in this case dependent upon their location in the extra dimension(s).
A last possibility, perhaps the most democratic, requires all of the SM fields to propagate in the ∼ TeV −1 bulk [5] , i.e., Universal Extra Dimensions(UED). In this case, there being no matter on the walls, the conservation of momentum in the extra dimensions is restored and one now obtains interactions in the 4-d Lagrangian of the form ∼ gC ijkf
which for flat space metrics vanishes unless i + j + k = 0, as a result of the afore mentioned momentum conservation. Although this momentum conservation is actually broken by orbifolding, one finds, at tree level, that KK number remains a conserved quantity. (As we will discuss below this conservation law is itself further broken at one loop order.) This implies that pairs of zero-mode fermions, which we identify with those of the SM, cannot directly interact singly with any of the excited modes in the gauge boson KK towers. Such a situation clearly limits any constraints arising from precision measurements since zero mode fermion fields can only interact with pairs of tower gauge boson fields. In addition, at colliders it now follows that KK states must be pair produced, thus significantly reducing the possible direct search reaches for these states. In fact, employing constraints from current experimental data, Appelquist, Cheng and Dobrescu(ACD) [5] find that the KK states in this scenario can be as light as ≃ 350 − 400 GeV, much closer to current energies than the KK modes in the first case discussed above. If these states are, in fact, nearby, they will be copiously produced at the LHC, and possibly also at the Tevatron, in a variety of different channels.
It is the purpose of this paper to estimate the production rates for pairs of these particles in various channels and to discuss their possible production signatures. This is made somewhat difficult by the apparent conservation of KK number which appears to forbid the decay of heavier excitations into lighter ones and is a point we will return to in detail below.
The outline of this paper is as follows: in Section II we briefly discuss the particle 2 spectrum in the UED model and the breaking of KK number to 'KK parity' at one loop. In Section III, in an attempt to get a further handle on the compactification scale of the UED scenario, we discuss the shift in the value of g − 2 predicted in this model. Unfortunately, as we will see, no new constraints are obtained. In Section IV we discuss the production mechanisms and cross sections for pairs of KK excitations of the SM fields at the Tevatron and LHC. Similar production mechanisms and e + e − and γγ colliders are also briefly considered.
Section V discusses the possible signatures for KK pair production addressing the issue of their possible stability in light of our earlier discussions in Section II. Three particular decay scenarios are considered. A discussion and our conclusions can be found in Section VI.
Model Set-up Review
In this section we very briefly review the basic nature of the UED model. The essential idea is that all of the fields of the SM are put in the bulk and thus have KK excitations. For simplicity in what follows we will limit our discussion to the case of one extra dimension with the extension to more than one dimension being reasonably straightforward. Due to state. Thus it is KK parity, (−1) n , which remains conserved while KK number itself is broken at one loop. Since the lightest KK excited states with n = 1 have odd KK parity they remain stable unless new physics is introduced. As we are only concerned with the production of pairs of the lightest KK particles in our discussion below, we are faced with the possibility of producing heavy stable states at colliders. This point will be discussed in detail further below.
The bound on M c obtained by ACD in this model is quite low and is not improved by the consideration of other processes such as b → sγ as discussed by Agashe, Deshpande and Wu [7] . To see if we can improve this bound on M c , we briefly discuss the contribution to g − 2 in the UED model; we follow the analysis as given in [8, 9] . To this end we consider the specific situation where we have two fermions in the bulk, D µ and S µ , corresponding to the 5-dimensional muon fields, having the quantum numbers of an SU (2) interactions of these fermions with the gauge fields can be described by the action,
where, V is the vielbein, which is trivial for the flat space case we are considering, D M is a covariant derivative and h.c. denotes the Hermitian conjugate term. Note that gauge interactions do not mix the D and S fields. The D and S fields also interact with the bulk Higgs isodoublet field, H 0 , i.e.,
with R being the compactification radius as described above and λ being a dimensionless Yukawa coupling. Due to the KK mechanism the fields D
L,R form separate 4-d towers of Dirac fermions which, as discussed above, are degenerate level by level.
These KK expansions can be written as
where the χ(τ ) fields are Z 2 even(odd). Note that the Z 2 orbifold symmetry and orthonormality only allows 'level-diagonal' couplings of both types:
The value of λ is fixed by requiring the zero mode fermion obtain a mass m µ after the Higgs zero mode obtains a vev, v, and tells us the level by level coupling between the tower members.
In terms of the D and S fields, the operator which generates the anomalous magnetic dipole moment of the µ can be written as
. This reminds us that this operator and the muon mass generating term have the same isospin and helicity structure such that a Higgs interaction is required in the form of a mass insertion to connect the two otherwise decoupled zero modes. We can think of this mass insertion as the interaction of a fermion with an external Higgs field that has been replaced by its vev. Helicity flips play an important role in evaluating the contributions to (g − 2) µ since muon KK excitations are now propagating inside the loop. As is well-known, for non-chiral couplings the contribution to the anomalous magnetic moment of a light fermion can be enhanced when a heavy fermion of mass m h participates inside the loop [10] . There are a number of diagrams that can contribute to (g − 2) µ at one loop of which two are shown in Fig. 1 . The diagram on the left corresponds to the exchange of a tower of the 4-d neutral gauge bosons, γ (n) and/or Z (n) , which we will now discuss in detail. Due to gauge invariance we are free to choose a particular gauge in order to simplify the calculation. Here, we make use of the ξ = 1 unitary gauge where the numerator of the 4-d propagator is just the negative of the flat space metric tensor [11] . Hence, in this gauge, the loops with the 4-d components of the gauge fields and the ones with the fifth component need to be considered separately.
In this example, the mass insertion takes place inside the loop before the photon is emitted.
Clearly there are three other diagrams of this class: two with the mass insertion on an external leg and the third with the mass insertion inside the loop but after the photon is emitted. The amplitude arising from this vector exchange graph is given by
where g L,R are the corresponding couplings of the SM gauge boson to the µ in units of e 
As before, the amplitude where the mass insertion comes after the photon emission can be easily obtained by interchanging the ordering in the resulting final amplitude expression.
Also, as before, a short analysis shows that graphs with external insertions or those involving a W 5 or a Higgs field lead to terms which are subleading in m µ /M KK or m µ /M W . We thus obtain the total contribution to g − 2 from a given KK level of a neutral gauge boson by adding the two expressions above and performing the momentum integrations; we find
where we have defined m (n)2 A = m 2 n (1 + ǫ n ); note that ǫ n = 0 in the case of photons. To go further we must sum over both the the photon and Z towers; using
and ∞ 1 1
we obtain the final numerical result
where we have neglected higher order terms in the ratio
. For M c = 300 GeV, the smallest possible value, this gives (g − 2) U ED ≃ −40 · 10 −11 which is only one quarter as large as the SM electroweak contribution. This is too small to make much of an impact on the potential difference between the experimental data and the SM prediction [12, 13] . Thus we conclude that g − 2 does not yet provide any useful constraint on the UED scenario [14] .
Collider Production
Due to the conservation of KK number at tree-level, KK excitations of the SM fields must be pair-produced at colliders. At γγ and lepton colliders the production cross sections for all the kinematically accessible KK states will very roughly be of order 100 fb (1 T eV / √ s) 2 which yields respectable event rates for luminosities in the 100 − 500 f b −1 range. A sample of relevant cross sections at both γγ and e + e − colliders are shown in Fig. 2 . In the case of γγ collisions we have chosen the process γγ → W +(1) W −(1) as it the process which has the largest cross section for the production of the first KK state. Similarly, gauge boson pair production in e + e − collisions naturally leads to a large cross section. Clearly, such states once produced would not be easily missed for masses up to close the kinematic limit of the 9 machine independently of how they decayed or if they were stable. To directly probe heavier masses we must turn to hadron colliders.
Since both QCD and electroweak exchanges can lead to KK pair production at hadron colliders there are three classes of basic processes to consider. Clearly the states with color quantum numbers will have the largest cross sections at hadron machines and there are a number of processes which can contribute to their production at order α 2 s [15] several of which we list below:
(ii) qq
where the primes are present to denote flavor differences. are obtained. Other processes that we have not considered may be able to slightly increase this reach. For larger masses we must turn to the LHC where we see that significant event rates should be obtainable for KK masses up to ≃ 3 TeV or so for an integrated luminosity of 100 f b −1 . As one might expect we see that the most important QCD processes for the production of KK states are different at the two colliders.
The real signature of the UED scenario is that all of the SM fields have KK excitations.
Thus we will also want to observe the production of the SM color singlet states. Of course the left-hand side, the curves correspond to the processes ii, v, iii, i and iv, respectively. In the bottom panel, from top to bottom on the left-hand side, the curves correspond to the processes ii, i, iv, iii and v, respectively. Antiquark contributions are included in reactions ii and iv. 12 color singlet states can also be produced with the largest cross sections being for associated production with a colored state at order αα s ; these rates are of course smaller than for pairs of colored particles as can be seen in Fig. 4 . Here we see reasonable rates are obtained for KK masses in excess of ≃ 1.8 TeV or so.
Lastly, it is possible to pair produce color singlets via electroweak interactions which thus lead to cross sections of order α 2 . Due to the large center of mass energy of the LHC these cross sections can also lead to respectable production rates for KK masses as great as ≃ 1.5 TeV as can be seen from Fig. 5 .
It is clear from this analysis that the LHC will have a significant search reach for both colored and non-colored KK states provided that the production signatures are reasonably distinct. This is the subject for the next section.
Collider Signatures
When examining collider signatures for KK pair production in the UED there are two important questions to ask: (i) Are the lightest KK modes stable and (ii) if they are unstable what are their decay modes? From the discussion above it is clear that without introducing any new physics the n = 1 KK states are stable so we must consider this possibility when looking at production signatures.
In their paper ACD [5] scenarios for such new physics. Here we will discuss three possibilities in what follows, the first two of which were briefly mentioned by ACD [5] .
Scenario I: The TeV −1 -scale UED model is embedded inside a thick brane in a higher (δ + 4)-dimensional space, with a compactification scale R G >> R c , in which gravity is allowed to propagate in a manner similar to the model of Arkani-Hamed, Dimopoulos and Dvali [16] . Since the graviton wave functions are normalized on a torus of volume (2πR G ) δ while the KK states are normalized over 2πR c the overlap of a KK zero mode with any even or odd KK tower state n and a graviton will be non-zero. In a sense, the brane develops a transition form-factor analogous to that described in [17] . This induces transitions of the form KK(n = 1) → KK(n = 0) + G where G represents the graviton field and appears as missing energy in the collider detector. This means that production of a pair of KK excitations of, e.g., quarks or gluons would appear as two jets plus missing energy in the detector; the corresponding production of a KK excited pair of gauge bosons would appear as the pair production of the corresponding zero modes together with missing energy. We can express this form-factor simply as
for even and odd KK states, respectively, where m g is the graviton mass. Here we have assumed that the thick brane resides at y i = 0 for all i = 1. These integrals can be performed directly and we obtain the following expressions for the transition form-factors in the case where n = 1:
with F 2 odd (n = 1) = F 2 even (n = 1)/x 2 where x = m g R c . Given these form-factors we can calculate the actual decay rate for KK(n = 1) → KK(n = 0) + G, where we now must sum up the graviton towers by following the analyses in Ref. [18] ; this result should be relatively independent of the spin of the original KK state. We find the total with to be given by where λ is some Yukawa-like coupling and M s is some large scale. Note that the brane is placed at some arbitrary position y = y 0 and not at the fixed points where only even KK modes would be effected. These new interactions result in a mixing of all KK states both even and odd and, in particular, with the zero mode. Thus we end up inducing decays of the form KK (1) → KK (0) KK (0) . For KK fermions the decay into a fermion plus gauge boson zero mode is found to be given by
where s φ is the induced mixing angle, N c is a color factor, g V , the relevant gauge coupling and PS is the phase space for the decay. It is assumed that the mixing angle is sufficiently small that single production of KK states at colliders remains highly suppressed but is large enough for the KK state to decay in the detector. For λ ≃ 0.1 and M s ≃ a few M c this level of suppression is quite natural. (Numerically, it is clear that the KK state will decay inside the detector unless the mixing angle is very highly suppressed.) The resulting branching fractions can be found in Table 1 where we see numbers that are not too different than those for excited fermions in composite models with similar decay signatures. However, unlike excited SM fields, single production modes are highly suppressed. For KK excitations of the gauge bosons, their branching fractions into zero mode fermions will be identical to those of the corresponding SM fields apart from corrections due to phase space, i.e., the first excited Z KK state can decay to tt while the SM Z cannot.
Scenario III: We can add a common bulk mass term to the fermion action, i.e., a term of the form m(DD +SS); we chose a common mass for both simplicity and to avoid potentially dangerous flavor changing neutral currents. The largest influence of this new term is to modify the zero mode fermion wavefunction which is now no longer flat and takes the form ∼ e −m|y| and thus remains Z 2 -even. Clearly there is now a significant overlap in the 
90.9 0.6 2.7 5.8 Table 1 : Individual branching fractions in per cent for the first excited fermion KK modes when KK level mixing occurs as in Scenario II.
5-d wavefunctions between pairs of fermion zero modes and any Z 2 -even gauge KK mode which can be represented as another form-factor:
where x = mR c and n is the KK mode number. This form factor then describes the decay
where G represents a generic KK gauge field. Similarly we can obtain a form-factor that describes the corresponding decay
where x is as above. It is clear that the decays of KK states in this scenario will be essentially identical to Scenario II above although they are generated by a completely different kind of physics. Fig. 7 shows the shape of these two form-factors as a function of the parameter x. The natural question to ask at this point is 'what is the value of m relative to M c ?'. It seems natural to imagine that the bulk mass would be of order the compactification scale, the only natural scale in the action, which would imply that x ∼ 1 so that large form-factors would be obtained. While this scenario works extremely well for the decay of Z 2 -even states it does not work at all for the case of Z 2 -odd states. Figure 7 : The form factors G(upper curve) and G'(lower curve) as discussed in the text for the case n = 1.
Summary and Conclusions
In this paper we have begun a detailed examination of the predictions of the Universal Extra Dimensions model for future colliders. Since it is known from the detailed analysis In this paper we have examined three new physics scenarios that induce finite KK lifetimes and compared their decay signatures.
In the first case the UED model was embedded in a thick brane in a larger ndimensional space in which gravity was free to propagate. Due to the difference in sizes over which the various fields are normalized, excited KK states can now decay to zero mode SM fields through the emission of gravitons whose rate is controlled by a geometric formfactor like function. At colliders this would appear as the production of pairs of SM states in association with a large amount of missing energy from the two towers of gravitons. In a second scenario, a 'benign' brane is introduced somewhere between the fixed points on which a set of non-renormalizable interactions occur. These interactions then induce mixing amongst the various KK levels violating KK number conservation and allowing excited KK modes to decay to SM fields. The branching fractions of all of the fermionic KK states were calculated while those of the gauge KK states are found to be essentially the same as the corresponding SM fields apart from phase space effects. In the last scenario we consider the possibility that the 5-dimensional fermion fields obtain a common bulk mass; a common bulk mass was assumed both on the basis of simplicity and to avoid any potentially dangerous FCNC. This modifies the wave-function of the zero modes so that a finite overlap exists with higher modes. This then allows the decay of KK states through another set of form-factors that arise from these wave function overlaps. Unfortunately these form-factors vanish for 22 Z 2 -odd KK excited states due to Z 2 parity conservation and thus these states will remain stable. In this scenario the decay signatures are found to be similar to those of the previous case.
Clearly, independent of whether the first excited KK modes are stable or decay through one of the above mechanisms, if the UED framework is at all correct future colliders will yield exciting signals of new physics associated with extra dimensions.
